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Inadequate bone mineral accrual during growth and accelerated bone demineralisation in adulthood are recognised as additional and serious
complications for patients with cystic fibrosis (CF). However, little attention has been given to preventative strategies for this population.
Inadequate bone accrual during childhood and adolescence, and premature bone loss, lead to a failure to attain an optimal peak bone mass,
osteoporosis and fracture in patients with CF. Pharmaceutical treatments may assist in the improvement of bone in patients with CF, but these are
usually not preferable for use in children. Evidence indicates that regular, weight-bearing exercise significantly enhances bone accrual in healthy
children. This paper reviews the literature concerning the potential for weight-bearing exercise to improve bone mineral accrual in children with
CF. All relevant literature since 1979 was obtained and reviewed from the Medline, PubMed, Cochrane and PEDro data base. Evidence
concerning the efficacy of exercise for bone health in CF is lacking. There have been no controlled trials investigating the value of weight-bearing
exercise for bone accrual in children with CF. As exercise may offer an effective and enjoyable strategy to improve the bone development in
children who have CF, exercise should be a high priority for randomised controlled trials in this population.
© 2008 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.Keywords: Bone; Exercise; Cystic fibrosis; Children
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With advances in the treatment and care of patients with
cystic fibrosis (CF), the life expectancy for this population has
risen markedly to around 30–40 years of age [1]. However, this
expansion of life span has brought about additional clinical
complications of osteoporosis and musculoskeletal problems.
Research since 1979 has established that patients with CF are at
a significantly greater risk for developing osteoporosis, thoracic
kyphosis and pathological fractures, decades earlier than
expected [1–10].Osteoporosis, occurring in between 50 and
70% of patients with CF [10], can also be a factor for exclusion
from lung transplantation operations that may be life saving in
the later stages of the disease [10,11]. The development of
osteoporosis in patients with CF begins early in life, due to
inadequate bone mineral accrual [1,12–15], from impeded bone
calcium accretion and an uncoupling in the normal balance
between bone formation and bone resorption, leading to a net
loss of bone [17]. In children, there have been many reports
of CF-related low bone mineral density (BMD) [1,7,9,12–
14,16,20,21,23] defined as a BMD Z-score of below −2.0
(2 standard deviations below the age and gender matched mean
value) and impeded longitudinal bone growth [19]. These
patients are unlikely to attain an optimal peak bone mass1 and
thus, at greater risk of future fracture.
A 10% decrease in BMD represents a 1.5-fold increase in
fracture risk [20], thus placing patients with CF at high risk for
osteoporotic fracture. Studies have reported higher than normal
fracture rates in patients of all ages who have CF [21,22], and
although fractures are more common in adulthood, [10] there
have been reports of fragility fractures in adolescent girls with
CF [25]. Thoracic kyphosis is also common in patients with CF,
with cases reported in up to 77% of girls and 36% of boys [23].
The problem of inadequate bone mineral accrual in children
with CF has been recognised in the CF Trust Working Group
Consensus Statement [1], which recommends that at the age of
10 years, children with CF should have routine BMD dual-
energy X-ray absorptiometry (DXA) scans in the lumbar spine
and proximal femur every 1–3 years to monitor bone accretion
and identify any premature loss of bone. Several pharmaceutical
agents [7,10], may assist in managing bone turnover, but this
adds to the array of drug treatments already administered to
patients with CF and many are not ideal for use in youngsters
with CF. Alternative strategies to optimise bone mineral accrual
and peak bone mass during childhood and adolescence are
thus, of critical importance; perhaps even more so for the patient
with CF.
‘Weight-bearing exercise’ is defined as a structured, force-
generating activity that provides loading to skeletal regions,
above that provided by the activities of daily living, and is
established as the most effective, non-pharmacological strategy
to optimise BMD, bone strength and peak bone mass in healthy1 ‘Peak bone mass’ is the maximum amount of bone mass achieved during
life at a given skeletal site, and is based on observations in healthy populations
that bone mass increases during childhood and puberty, consolidates during
young adulthood and declines with age [24].populations [25]. It is universally recognised as a major and
effective prophylaxis against osteoporosis, to firstly stimulate
bone accretion during growth; secondly, to stimulate bone
accretion once bone loss has occurred and thirdly, to prevent
bone loss. In healthy subjects, the majority of evidence suggests
that the years of childhood and adolescence represent an oppor-
tune period during which bone adapts particularly efficiently to
loading through weight-bearing exercise [27].
In children with CF, exercise has recognised health benefits
and can improve and maintain lung function [1] and although
the recent CF Trust Consensus Statement identifies that weight-
bearing exercise should be encouraged [1], there is a distinct
lack of research investigating the potential for exercise to im-
pact positively on bone accretion during growth or maintenance
during adulthood in the CF population. The purpose of this
paper is to review the relevant literature concerning the potential
for exercise to improve bone accretion in children with CF, and
to identify valuable directions for future research in this area.
2. Literature search strategy
A literature search was performed and aimed to identify all
relevant information concerning the potential effect of exercise
on the bone health of children and adolescents with CF. Inter-
vention studies assessing the impact of exercise on bone in
healthy children have recently been systematically reviewed
elsewhere [27] and high ranking trials were referenced to
highlight the potential benefits of exercise in children with CF.
In order to identify papers addressing the value of exercise
in children with CF, literature searches were performed in
Medline, Cochrane and PEDro databases between the years
1979 and 2008. After searching the terms “cystic fibrosis” and
“exercise”, 475 articles were found. After searching the terms
“cystic fibrosis”, “exercise” and “bone”, 14 articles were found.
None of these articles were intervention trials of exercise for
bone health in patients with CF. In order to elucidate further
information, reference lists from relevant papers were searched
as were the European CF Conference proceedings dating back
to 1995. Due to the lack of intervention studies or studies
addressing the research question of this review, a systematic
analysis could not be performed. However, all available evi-
dence and theories have been reviewed.
3. Exercise and bone health in patients with CF
Although there have been no controlled intervention trials
investigating the effects of exercise on bone health in patients
with CF, there are indications from several observational stud-
ies, that exercise is also closely associated with BMD in this
population.
In a sample of 49 male and female patients, aged 8 to
48 years, Bhudhikanok et al. [19] found that energy expenditure
was related to lumbar spine, femoral neck and total body BMD.
Similarly, Elkin et al. [26] found a relationship between energy
expenditure and lumbar spine and hip BMD in adults with CF.
In a sample of 114 adult and adolescent patients with CF, 66%
of which had low BMD; Conway et al. [7] found that higher
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significantly associated with greater femoral neck BMD, total
body BMD and total body BMC. In adults with CF, Haworth et
al. [6] found positive associations between BMD and physical
activity level, and Frangolias et al. [22] found that exercise
capacity, as defined by the maximal amount of oxygen con-
sumed by the muscles during maximal exercise (VO2 max), was
a major predictor of BMD.
Whilst these studies are commendable for the research of
other important parameters, there are several problems in terms
of their investigation of exercise and bone relationships, perhaps
because this was not the focus of the study. It is possible that the
results of these studies may indicate that those with a lower
exercise capacity or who exercise less have clinical reasons as to
why, such as recurrent acute or long term respiratory im-
pairment. Furthermore, whilst these studies provide some evi-
dence that regular exercise may benefit bone health in patients
with CF, there are problems inherent to observational and re-
trospective studies. Recall methods of assessing physical
activity can be difficult and one single week is likely to be
unrepresentative of true overall exercise levels. This is par-
ticularly relevant in CF because a patient who has CF may feel
healthy one week but ill the following week. Thus, physicalTable 1
Bone mineral accrual in children of different pubertal stages, participating in weigh
Subjects Exercise In
Tanner stage I
MacKelvie et al. [27] Boys, n=31 ex; n=33 control 20 months
10–12 min
3× a week
Fuchs et al. [29] Girls and boys, n=45 ex; n=41 control 7 months
10 min, 3×
2-footed ju
Bradney et al. [30] Boys, n=19 ex; n=19 control 8 months
30 min, 3×
Activities
volleyball,
Tanner stages II–III
Courtiex et al. [31] Girls, Group 1: Ex+Ca, n=12 12 months
Group 2: Ex+placebo, n=42 Exercisers
Group 3: Sed+Ca n=10; 1.2 h/week
Group 4: Sed+placebo, n=21 Calcium: 8
McKay et al. [32] Girls and boys, n=51 ex; n=73 control 8 months
3 min, 3×
10× counte
Petit et al. [33] Girls, n=43 ex; n=63 control 7 months
10–12 min
5 diverse e
Morris et al. [34] Girls, n=38 ex; n=33 control 10 months
30 min 3×
weight trai
Tanner stage IV–V
Witzke and Snow [35] Girls, N=25 ex; N=28 control 9 months
30–45 min
Resistance
Heinonen et al. [36] Girls, n=39 ex; n=29 control 9 months
20 min 2×
Jumping eactivity levels in patients with CF can vary quite considerably
depending on how the patient feels at a given time [7].
Furthermore, these studies are unable to determine a causative
effect of exercise on bone accrual, and cannot evaluate which
type of exercise, frequency and intensity is optimal for this
population. Intervention studies are required in order to firstly,
establish a relationship between exercise and bone in patients
with CF and secondly, to elucidate the type, intensity and
frequency of exercises that provide the most beneficial effects to
skeletal development and other health outcomes, in children
with CF. Such studies have been conducted in healthy children
and give us some indication of the potential benefits to be
gained.
4. Exercise and bone accrual in healthy children
Intervention studies in healthy children have demonstrated
significant increases in bone mineral accrual from a variety of
weight-bearing exercise programmes. These are illustrated in
Table 1.
Exercise in pre-pubertal and early pubertal healthy children
is associated with gains in BMD and BMC over periods of
3 months to 24 months [27–34]. Intervention trials in pubertalt-bearing exercise intervention trials
tervention Results (v controls)
FN+4.3%
; Circuit training and jumping
LS BMC+3.1%
a week. Jumping exercises. Progressed from 50–100
mps from 61 cm high boxes. Additional to PE
LS BMD+2%
FN BMC+4.5%
FN BA+2.9%
TB BMD+1.2%
a week LS BMD+2.8%
included aerobics, football, dance, gymnastics,
basketball, weight training. Additional to PE.
CT+6.4%
Group 1 v Group 4
: 7.2 h/week; sedentary TB BMD+6.3%
LS BMD+11%
00 mg/day FN BMD+8.2%
PF BMC+2%
a day, 5 days/week TR BMC+2.7%
rmovement jumps PF BA+1.3%
TR BA+2%
TR BMD+1.7%
, 3× a week FN BMD+2.6%
xercise stations FN CT+3.2%
TB BMD+2.3%
a week Skipping, aerobics,
ning, additional to PE
LS BMD+3.6%
FN BMD 10.3%
NS
, 3× a week
training and plyometrics
NS
a week
xercises
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the strong influence of sex hormones at this time. Averaged over
6 months, increases in bone mineral accrual in pre and early
pubertal children following an exercise intervention have been
reported to be 6.6% in femoral neck BMD [33], and 5.5% in
lumbar spine BMD [31]. In patients with CF, anti-resorptive
agents to increase bone mass, such as Pamidronate, have im-
proved BMD by 3.0% at the hip over 6 months [36] and 8.8% in
the spine over 24 months [37]. However, such interventions
have unpleasant side effects including bone pain, fever and
phlebitis (observed in over 75% of the sample of users). Most
are only suitable for use in adults, although bisphosphonates can
be used with caution in children [1]. Exercise is thus, an at-
tractive alternative to pharmacological intervention and has
proven success in increasing BMD in the non-CF population.
Furthermore, in addition to improvements in BMD, exercise can
also increase bone structural properties such as bone area,
cortical thickness and section modulus [29,31,32].
5. Principles of exercise and directions for intervention
Weight-bearing exercise is advocated by the WHO as an
important lifelong strategy to maintain or improve bone density
through loading to the skeleton. In the absence of loading, bone
loses its function of support and responds by demineralising
[38]. Bone exposed to regular, diverse impact loading adapts its
structure to maintain mechanical competence [38,39].
Adaptation of bone to loading is dependent on the bone
strain generated. The optimal adaptation will occur with bone
strains that are i) of a sufficiently high magnitude, ii) unusually
distributed and iii) high rate.
i) Strain magnitude: In terms of loading to the skeleton
through exercise, highly repetitive, lower peak loads do
not exert as great an osteogenic response as high strain
loads [40]. There is a minimum force required to elicit an
osteogenic response of remodelling at targeted skeletal
sites, that can result in net bone gain. This is known as
the ‘mechanostat theory’ and in order to switch on the
mechanostat, strains must be above the physiological
loading zone [41]. The magnitude of strain required is
dependent on the initial status of bone prior to loading, for
example, bone can become accustomed to constant
loading of a similar magnitude and will not increase its
strength until a higher magnitude is applied [40]. This
theory indicates that for children who have particularly
low levels of exercise at baseline, an increase in weight-
bearing exercise would bring significant increases in bone
gain. Furthermore, when designing exercise interventions
for bone gain, exercise should be of a sufficient magni-
tude to elicit a bone response (i.e. a greater magnitude
than that already generated by daily activities). Exercises
that produce ground reaction forces (GRF) that are above
those produced during daily activities are beneficial to
bone. GRFs are linearly associated with the strain gener-
ated in bone and describe the impact forces of the given
exercise [31]. Studies reporting improvements in boneaccrual in children have used exercises with GRF from 2
to 9 times body weight [28–33]. Although higher GRFs
may elucidate a greater anabolic effect on bone [13,31],
even moderate impact exercise have been associated
with significant improvements in bone mineral accrual in
children [29]. Successful interventions have included
jumping exercises, circuit training, resistance training,
plyometrics, and aerobics, football and gymnastics.
ii) Unusual strain distribution: Loading of an uneven dis-
tribution generates a more positive bone response than
continuous, repetitive loading [40]. For example, hopping
on alternative legs, trampolining, varied jumping exer-
cises, and gymnastics.
iii) Strain rate, duration and frequency: High strain rates are
more effective than low strain rates in stimulating bone
gain [41], for example running compared to walking.
Shorter, multiple exercise sessions appear to be more
osteogenic than long exercise sessions, and the inclusion
of recovery periods in between sessions enhances bone
adaptation [42]. Recovery periods restore the mechano-
sensitivity of bone cells [42]. In healthy children, most
successful interventions have consisted of 2–3 sessions
per week, for around 20–30 min/session (Table 1). There
are no standard recommendations for exercise for bone as
it remains unclear as to what should constitute the optimal
programme. However, exercise in different forms is re-
commended for people of all ages, and if osteoporosis is
present it is advised that exercises are of a lower impact
and do not involve twisting or sudden movements [43].
The value of long term exercise interventions in children on
bone would ideally be measured through DXA scans every
12 months, or in shorter intervention trials, at least 6 months
would be recommended. The subject population would be pre
or early pubertal children because of the confounding influence
of the sex hormones around puberty. General fitness progres-
sion could be monitored by simple measurements such as the
multiple step test [44], and other parameters could include
forced expiratory volume (FEV1), quality of life and self-
esteem.
6. Physiological capabilities of children with CF
Whilst there have been studies investigating the effects of
exercise on other clinical outcomes in CF such as quality of life,
work capacity and pulmonary function [45–49] there have been
no controlled trials into the effects of exercise on bone in adults
or children who have CF. Nevertheless, these trials have
demonstrated that patients with mild to moderate CF are capable
of participating in high impact and high intensity exercise
programmes.
Orenstein et al. [45] delivered high impact strength training
and aerobic training programmes to adults with CF and reported
no adverse consequences from exercise. Similarly, Selvadurai
et al. [47] successfully delivered an in-hospital weight training
programme as did De Jong et al. [49] with a home-exercise
programme for adults with CF. Aerobic and anaerobic exercise
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have CF, with the aim of improving pulmonary function and
quality of life (QOL) [45–49]. Klijn et al. [48] implemented a
high intensity anaerobic exercise programme in children with
CF, which involved sessions lasting between 30 and 45 min,
twice per week. The children trained on an individual basis
under the supervision of their physiotherapist, to avoid cross-
infection. This programme had a significant effect of improving
anaerobic capacity and QOL, and there were no adverse effects.
The study indicates that children who have CF are capable of
high intensity physical training.
Although children with CF are generally physically capable
of participating in regular exercise, there are several factors to
consider. Firstly, children with mild to moderate CF are capable
of participating in high intensity exercise, but the capacity for
exercise is likely to be reduced in patients with severe dys-
function due to decreased alveolar ventilation and lung dif-
fusion capacity. In previous exercise intervention studies in
children with moderate CF, several subjects withdrew from
participation, mainly because of pulmonary exacerbation [46].
Nevertheless, the cardiac response to exercise is normal in
CF patients and there appears to be little or no limitation to
exercise in this respect, to patients with mild to moderate CF
[50,51].
Secondly, consideration must be taken to avoid cross-infec-
tion between patients with CF if exercising together. Patients
with CF have a predisposition for recurrent infections which can
occur through cross-infection between patients with CF infected
with different species such as B. cepacia, Pandoraea and
Pseudomonas aeruginosa [52]. In many circumstances, group
exercising is not likely to be possible for patients with CF
because of this risk. This can bring difficulties for researchers
when designing exercise intervention trials. Intervention trials
focusing on individual exercise sessions at home or under one-
to-one supervision from a physiotherapist or cohorting of
patients according to type of bacteria may overcome this [53],
thus intervention trials should not be discounted.
Special consideration should be also given to nutrition.
Malabsorption and pancreatic insufficiency are major compli-
cations of CF, and lead to dietary insufficiencies and mal-
nutrition. As exercise expends additional energy and requires
extra amounts of nutrients, good nutrition and additional dietary
supplementation is especially important for patients with CF
who exercise regularly and help should be sought from a spe-
cialised dietician. The importance of maintaining a diet rich in
calcium and vitamin D for bone health is well-recognised, and it
is recommended that supplements are administered. In addition,
recent research has identified the role of energy availability for
bone health [54]. Insufficient energy availability can lead to
bone loss via an impaired secretion of GnRH leading to a state
of hypoestrogenism, and also a reduced synthesis of growth
factors such as insulin-like growth factor-1 (IGF-1) [54]. Energy
intake is also important to ensure maintenance of body weight,
particularly as low body weight is an established risk factor for
osteoporosis. Thus, it is important for the exercising child who
has CF, to consume additional dietary energy to account for the
extra energy costs of exercise.7. Clinical potential
Although the beneficial effects of exercise on bone accrual
have been reported in healthy children, if such benefits can also
be achieved by children with CF, it is likely that these would
have clinical relevance. The impact of regular weight-bearing
exercise on bone status in children with CF may be more
significant than in healthy children, because evidence suggests
that baseline physical activity levels may be lower in this
population [18,55,56]. The recent CF Foundation consensus
statement on bone disease in CF has identified lack of exercise
as a major cause of bone loss in patients with CF [10,57].
In addition, children with CF have a later onset of puberty
with girls achieving a later age of menarche, thus may fall
behind healthy children in terms of bone mineral accrual and
skeletal development. Later puberty results in a delay in at-
taining pubertal levels of insulin-like growth factor 1 (IGF-1)
and sex hormones; all of which are involved in bone metab-
olism, and the delay in puberty appears to occur despite im-
proved nutrition and intensive treatment. In comparison to
healthy children who may be late developers, children with CF
are unlikely to experience ‘catch up’ because of the other
consequences of CF such as malabsorption, pancreatic insuf-
ficiency and glucocorticoid treatments. Menstrual dysfunction
is also common in patients with CF, thus reflecting a lower level
of oestrogen. Exercise at an intervention during this time may
be particularly beneficial.
Patients with CF have lower relative muscle mass than
healthy individuals and experience depletion of fat free mass
that corresponds with bone loss, greater disease severity and
reduced survival [58,59,61]. The reduced fat free mass may
limit the physiological performance of patients with CF in high
intensity exercise [59]. However, regular exercise would be of
particular importance in CF as it can prevent muscle deteriora-
tion, and improve lean mass and muscle strength. Lean mass
also has a positive effect on bone mass, through the mechanostat
theory, as the increased muscle pull on bone elucidates an
anabolic skeletal effect [39]. This link between bone strength
and biomechanical force is now known as the functional
‘muscle-bone unit’ [60], supported by research confirming
positive relationships between lean mass and bone mass in
children with CF [58,60,61]. Thus, whilst swimming is classed
as non-weight-bearing, the maintenance of lean mass from this
exercise would have a positive effect on bone maintenance.
In addition to beneficial effects on bone and lean mass,
exercise has been associated with other positive outcomes in
CF. The cardiopulmonary deterioration that commonly occurs
in patients with CF may be attenuated by regular exercise [40].
Reduced habitual exercise is associated with a more rapid
decline in lung function [62]. Other benefits include improve-
ment of ventilation, enhancement of mucus clearance, promo-
tion of well-being and QOL, increases in flexibility and reduced
morbidity related to CF.
Although an inverse relationship between increased BMD
and fracture risk reduction has not yet been demonstrated in
clinical trials of any population, an increase in bone mineral
accrual would have a clinical significance in the sense that a
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fracture risk [63]. Increases in BMD accrual in healthy children
have occurred at important sites such as the spine and hip,
which are the most common sites for osteoporotic fracture. In
those with CF, the thoracic region is also an important area to
target because individuals with CF are also more likely to
experience rib fractures, which can both limit, and be caused by
postural drainage physiotherapy. Thus, to improve bone mass at
this region in this population, would have important clinical
implications. With the potential to cause rib fracture, postural
drainage may be contra-indicated in patients with low BMD.
More modern physiotherapy options for airway clearance
include positive expiratory pressure (PEP) and oscillating PEP
therapy, which would be preferable over postural drainage for
patients with low BMD.
Whilst this review has focused on the potential for exercise
to improve bone accretion in children with CF, exercise may
also have positive effects on bone maintenance in adults with
CF, and has shown to have synergistic effects on bone with
pharmaceutical agents. The menopause is increasingly becom-
ing a reality for many women with CF who are living longer.
Menopause brings a rapid decline in levels of oestrogens, which
are necessary for healthy bone metabolism. In women with CF
who may have already had low levels of oestrogens during
young adulthood, this large decline may have a particular de-
trimental affect on BMD. Weight-bearing exercise has been
shown to improve the maintenance of BMD in healthy post-
menopausal women [64], thus similar benefits may also assist in
the maintenance of bone density in postmenopausal women
with CF. Again, research is required. Exercise with bispho-
sphonates, and exercise with oestrogen treatment have been
shown to have particular significant effects on bone than either
intervention alone [65,66].
8. Conclusions
Increases in the exercise levels of children with CF, may
improve their potential to maximise peak bone mass, thereby
reducing future risk for osteoporosis and pathological fracture.
The physiological capabilities of young people with CF reported
in the literature suggest that exercise can be tolerated to maximal
levels. However, to date, there has been no controlled
intervention trial of exercise for bone mineral accrual in children
with CF and there is very little information available in this area.
As exercise may offer an effective and enjoyable strategy to
improve the bone development in children who have CF,
exercise should be a high priority for controlled intervention
trials in this population. Ideally, such intervention trials would be
randomised, controlled, and consist of regular weight-bearing
exercise sessions, two to three times weekly, over a period of at
least 6 months in pre- or early pubertal children with CF.
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